& Key message These results present great interest for the knowledge of fire effects and the regeneration capacity of the ecosystems, which is essential to minimise the longterm fire impacts. & Context This study integrates thermal analysis of soil with tests of fire effects on Pinus radiata seeds germination and field seedling emergence in P. radiata plantations. The consequences of fire intensity P. radiata plantation regeneration can be predicted from the results.
Introduction
Fire is an ecological and evolutionary factor that has been present in all ecosystems throughout the world for millions of years, perhaps since terrestrial vegetation first existed (Trabaud 1987) . Nowadays, forest fires constitute a serious environmental problem, with millions of hectares of forest cover throughout the world destroyed every year. In Europe, almost five million of hectares of forest were burned during the decade (EUROSTAT 2011 . As well as destroying ecosystems, forest fires also contribute to climate change.
Soil is a fundamental natural resource in forestry and agriculture. Ecosystem and forest plantation post-fire reestablishment depends on the changes in quality and quantity of soil organic matter (SOM). New, reliable, rapid and nondestructive methods of studying the effects of fire on soil are demanded in the Kyoto Protocol. Since the mid-1990s, Salgado research group has been using calorimetric techniques on SOM to establish reliable bioindicators of soil quality and indicators of the levels of impacts on soils of forest fires (Salgado et al. 1995 (Salgado et al. , 2004 .
Pinus radiata does not have the capacity to resprout, and expansion of the populations depends entirely on seed germination. Fire can modify the seed germination response via the physical and chemical cues involved in the germination process. High levels of heat shocks (temperature and/or exposition time) usually reduce the germination percentage of the Pinus species (Reyes and Casal 1995; Escudero et al. 1999; de las Heras et al. 2006) . The plant response to the smoke depends on the studied species: positive, negative and neutral effects can be found in literature (Keeley 1994; Keeley and Fotheringham 1998) .
Although post-fire regeneration has been studied in different Pinus species (Verkaik and Espelta 2006; Calvo et al. 2008; Vega et al. 2008) , the information about post-fire germination of P. radiata is scarce (Reyes and Casal 2002a) , and no study has considered different provenances of the same species.
Additionally, despite the narrow relation among fire effects on SOM, seed germination and seedling emergence, scanty information about these three approaches in the same study area can be found together. This type of interdisciplinary studies is essential for a clear understanding of the post-fire reproductive strategies of tree species and to enable the design of appropriate management plans.
The main aim of this study is double; firstly, the knowledge of the fire effects on SOM and P. radiata seedling emergence in a P. radiata stand in NW Spain, and on the other hand, the determination of the heat and smoke effects, in laboratory conditions, of two provenances of P. radiata. The specific hypothesis of the study were: (i) fire impact on SOM can be estimated from the soil thermal analysis, (ii) the maximum fire severity will be related with changes on the peak of combustion of SOM after the fire with regard to the corresponding unburnt SOM, (iii) natural germination of two provenances of P. radiata will be modified as consequence of the fire (heat and smoke) and (iv) fire will activate the seeds liberation of aereal seed bank and the P. radiata seedling emergency will be abundant.
Materials and methods

Study area
A P. radiata plantation in Monte Lúa (Meira, Province of Lugo, NW Spain, 43°09′ 50″ N, 07°14′09″ W) was selected for the study. The plantation (6 ha) was established 17 years ago on an area of slope 28°, orientation 45°NE and altitude 550 and 630 m. The area was divided vertically into four sectors separated for four horizontal firebreaks and two vertical firebreaks of 4 m width. The sectors were numbered from I to IV, with sector I corresponding to the topmost sector (Fig. 1) . The plantation was burned by a surface forest fire in April 2010, affecting an area of 47 ha, corresponding to 40.5 ha of shrubland and 6.5 ha of woodland. Various species of the Ericaceae, Leguminosae and Poaceae families predominated in the understory in the plantation (Table 1) . After fire black ashes covered the soil surface, no visual signs of differences of severity could be found among sectors and understory shrubs was partially charred.
Soil
The selected soil was an Entisol with high organic matter content. One week after the fire, four squared of 1 m 2 were defined in every sector and four soil samples were collected at random from the top (0-2 cm depth) of the A horizon in every sector. After removal of leaves, branches and plant remains, the soil samples were merged and sieved and the remaining fraction (<4 mm) was air-dried, ground and homogenised. Unburnt soils located close to the burnt soils in the same area were sampled at the same depth and prepared as above. The unburnt samples were divided in two parts: one part was subjected to heat treatments and considered as heated soil, and the other part was not heated and was considered as a control, under the assumption that the properties of the unburnt soils were the same as those of the burnt soils before being affected by the fire.
Although the visual signs of the fire presuppose a low severity fire, a deeper study to estimate the maximum temperature reached by the fire was performed. For this propose, samples of unburnt soil, of mass approximately 10 g, were placed on a tray and heated in an oven at 150°C for 10 min and at 200°C for 5 or 10 min, which correspond to this severity level (Verdes and Salgado 2011) . A comparison between thermal properties of the heated and the burnt soil samples allows to identify the severity of the fire in the forest. Unburnt, laboratory-heated and burnt soil samples were analysed by differential scanning calorimetry (DSC; Q100 TA Instruments). The experiments were performed with samples of approximately 10 mg of soil placed in open aluminium pans under dry air (flow rate, 100 ml/min) and at a scanning rate of 10°C/min. The temperature interval was 50-600°C. Samples of indium (mp, 156.6°C) were used to calibrate the DSC. Three replicates per sample were done.
The DSC curves for dried forest soil samples showed two well-defined peaks: a large exothermic peak attributed to combusted SOM and which might represent the overlapping of two peaks corresponding to the thermal degradation of different organic matter compounds (with maximums at T 1 and T 2 ), and an endothermic peak, at 575°C, which can be attributed to structural changes in quartz (Salgado et al. 1995) . The heat of combustion (Q; expressed as joules per gramme of sample) was determined by integrating the DSC curves (W g −1 ) over the exothermic region (150-600°C). The Q values were divided by the mass loss during each experiment DSC analysis (Q'; expressed as joules per gramme of organic matter; Rovira et al. 2008) . The areas under the DSC curves were divided into three groups representing different degrees of resistance to thermal degradation (Fernández et al. 2011; Pérez-Cruzado et al. 2014) : labile organic matter, mainly including carbohydrates and other aliphatic compounds (200-350°C); recalcitrant organic matter, such as lignin and other polyphenols (350-450°C); and highly recalcitrant organic matter, such as polycondensed aromatic forms (450-575°C). The resulting partial heats of combustion were designated Q 1 , Q 2 and Q 3 , respectively. The following were also determined: temperatures of maximum combustion peaks in the DSC curves (T 1 and T 2 ), the temperature at which 50 % of the energy of SOM is released under the given conditions (HT 50 ) and the temperature at which the SOM combustion is complete (T end ). The choice of cut-off temperature varies widely in this type of study, as pointed out in a review paper by Plante et al. (2009) . This may be due to the nature of the soil and the differences in experimental conditions, such as sample weight and scanning rate. In this study, we have chosen the most commonly used cut-off temperatures that are consistent with the combustion profile of the samples.
The elemental composition of the samples was determined by the Elemental Analysis Service at the University of Santiago de Compostela.
Germinative response
The germinative response to the effects of fire was determined by using a germination test. Two of the most common provenances of P. radiata in plantations of the NW Iberian peninsula were considered: 'Littoral' and 'Inland'. The following fire treatments were tested: control; smoke, 5 min; smoke, 10 min; smoke, 15 min; 80°C, 5 min; 80°C, 10 min; 110°C, 5 min; 110°C, 10 min; 150°C, 5 min; 150°C, 10 min; 200°C, 5 min; and 200°C, 10 min. Smoke treatments were applied directly with the aid of Fume 2000 smoke applicator, following the methodology described by several authors (Keeley and Fotheringham 1998) . The smoke was generated by burning P. radiata needles and aerial parts of Ulex europaeus, which are the dominant shrub in the understory. Seeds were placed in Petri dishes in the smoke saturated chamber and were maintained under these conditions for 5, 10 or 15 min. The temperatures were selected as representative of those registered in the Monte Lúa forest fire (previously determined by study of the impact of the fire on the soil surface) and others of major and minor intensities, as well as temperatures registered at different depths during natural and experimental fires in Atlantic and Mediterranean environments (Díaz-Fierros et al. 1990; Mendes-Lopes et al. 2003) and in other studies (Keeley and Fotheringham 1998; Reyes and Casal 1995; Reyes and Trabaud 2009) . A forced-air oven was used to apply the heat shocks. To guarantee the independence of the replicates, each treatment of each provenance was applied separately. To minimise handling, both provenances were treated at the same time. Thus, each group of seeds can be considered a replicate of each provenance. The seeds were incubated in a Phytotron (Climas AGP890) and were maintained for 16 h under light at 24°C and in the dark for 8 h at 16°C. Germination was registered as root emergence every Monday, Wednesday and Friday until the end of the experiment (no germination during the last week).
Seedling emergence
To determine the density of emerged seedlings (N°of seedlings/ m 2 ), in each of the four study sectors in Monte Lúa (Fig. 1) , the number of alive P. radiata seedlings was counted in sampling quadrats of an area of 1 m 2 , at three different times after fire (1, 3 and 6 months). In each of the four sectors in which the zone of study was divided, three transects along the slope separated at least 20 m between them were selected. Sampling quadrats separated 10 m were placed along these transects. The emerged seedlings density in a total of 153 sampling quadrats was determined during every sampling time.
Data analysis
The seedling density was calculated separately for every sector. Data was transformed with the function log (1+no. of seedlings/m 2 ). The sectors were compared by one-way analysis of variance.
Although the data was transformed, conditions of normality and homocedasticity were not always met. However, the variability analyses were robust and balanced, and therefore these requirements were not taken into account (Underwood 1997).
The average germination percentage and the average time taken for each replicate to reach 50 % of the final germination (GT 50 rate) were calculated. The germination data for each provenance were analysed by one-way analysis of variance followed by Duncan's test (p<0.05). Data sets were previously checked for normality, and the germination percentage data were subjected to arcsine transformation prior to ANOVA. All data analysis was carried out with PASW Statistics 20 for Windows.
Results
Soil
The DSC curves for the soils showed two peaks (Fig. 2) : the first exothermic peak, between 200 and 550°C, was attributed to combustion of the SOM and represents the overlapping of two individual peaks, which present the highest rate of degradation at approximately 320 and 380°C, respectively; a second small endothermic peak, at 575°C, was related to structural changes in quartz (as it was mentioned in methods section). The area of the exothermic peak in the DSC curves was smaller for the burnt soil than for the unburnt soil. A small shoulder was also observed at approximately 450°C in the DSC for the burnt soil but not in the curve for the unburnt soil.
The size of the combustion peak, i.e. the heat released during the combustion of the organic matter of the soils was as follows (Fig. 3) :
Unburnt soil>soil heated at 150°C for 10 min>burnt soil> soil heated at 200°C for 5 min>soil heated at 200°C for 10 min.
Combustion heat of SOM (Q), temperatures of maximum degradation of different organic matter compounds (T 1 and T 2 ), temperature at which the 50 % of the heat associated with total degradation of organic matter is released (HT 50 ) and temperature at the end of the combustion peak (T end ) are listed in Table 2 .
A SOM decrease of 15 % approximately due to the fire were obtained by comparing both the C content and Q values of unburnt and burnt samples.
The heat of combustion (Q) of the soil heated at 150°C for 10 min was not significantly different from that of the unburnt soil, whereas this parameter decreased by almost 40 % in the most severe heat treatment. The opposite tendency was observed in Q', i.e. an increase in the value with increasing fire severity.
A shift towards higher values of T 1 and HT 50 was observed on comparing burnt and unburnt soils, although this was not observed in the laboratory-heated samples. Similarly, a small increase in %Q 3 accompanied a small reduction in %Q 1 was observed in the burnt relative to the unburnt soil, whereas in the heated soils the %Q 1 increased, with a consequent decrease in %Q 2 and %Q 3 with fire severity.
Germination
Germination percentage
The germination percentage in controls presents values about 90 % in both provenances of P. radiata. Also, germination percentage was very high for smoke and moderate heat treatments (Fig. 4a) ; However, taking into account all the treatments, highly significant differences were detected between the two P. radiata provenances (p<0.001), being the average germination percentage of the 'inland' provenance (44 %) higher than that of the 'littoral' provenance (38 %). Highly significant differences (p<0.001) between treatments were also detected for both provenances. On the contrary, the smoke treatments did not significantly modify the control value (Fig. 4a) , in both provenances. Treatments combining high temperature and long-time exposure strongly decreased germination in both provenances. The highest difference between provenances is the heat level necessary for germination process inhibition. Whereas in the littoral the inhibition happens from 80°C during 5 min, the inland needs 10 min at 80°C to show the same effect.
GT 50 rate
The control values of the GT 50 rate were 13 and 11 days for the littoral and inland provenances, respectively (Fig. 4b ). There were highly significant differences (p<0.001) between both provenances and also within each provenance in relation to the treatments (p<0.001). The average GT 50 was 18 days in the littoral provenance, whereas it was only 14 days in the inland provenance. In both provenances, the GT 50 rates were generally low in both the control and smoke treatments and increased with heat. In both provenances, heating at 110°C for 5 min and 110°C for 10 min were the only treatments that yielded significant differences from the control.
Seedling emergence
Seedling emergence varied over time (Fig. 5) . Thus, 1 month after fire, only one seedling had emerged in the study area. Nevertheless, 3 months after fire, seedlings emergence was on , which was equivalent to approximately 20,400 seedlings in the P. radiata burnt area, approximately 6 ha. The differences between seedling density recorded on each sampling date were highly significant (p<0.001), and the density on the first sampling date was significantly different from the density on the other two dates. Between-sector differences in seedling density were also significant (p<0.002) specifically between sectors II and III, as sector I was similar to both the other sectors. Sector IV was assumed to be different from the others, as no seedlings emerged, and it was not included in the analysis.
Discussion
The Monte Lúa wildfire was a surface fire, and the height of the partially carbonised trunks rarely reached >1.5 m. After the fire, few pine cones were completely opened (personal observation). It was a moderate severity fire according to the classification of Ryan and Noste (1985) , which agrees with the small differences in Q, Q', T ing , T 1 and T 2 found between the burnt and unburnt soil. Comparison of the thermal properties of burnt soil and laboratory-heated soil indicated that the impact of the fire on the surface soil (0-2 cm depth) was similar to heating at 150-200°C. These temperatures are lower than ignition temperature, corresponding, accordingly to the results of Verdes and Salgado (2011) to a low severity fire. Although laboratory-based heating experiments provide helpful information about the effects of high temperatures in soil properties, the data must be considered carefully in relation to forest fires, in which different factors interact in a complex way (Marcos et al. 2007; Verdes and Salgado 2011) . This is further illustrated by the differences in the shapes of the DSCs for the laboratory-heated and burnt soil samples. Thus, in burnt soil, the main decrease in SOM corresponded to carbohydrates, aliphatic structures and carboxylic groups, in which thermal degradation occurred between 200 and 350°C. In contrast, in the laboratory-heated samples, all structures appeared to be affected, even the most resistant ones, in which degradation occurred up to 450°C (Dell'Abate et al. 2003; Plante et al. 2009; Rovira et al. 2008; De la Rosa et al. 2008) . This is probably because the soil receives contributions from partially burnt plant remains in forest fires, which display a high degree of thermal resistance. This observation is consistent with the shoulder at 470°C that appears in the DCS profile of the soil burned. However, this was not observed in the laboratory-heated samples. Nevertheless, the Q' increase and the Q decrease against the severity of the laboratory heating indicate that the organic matter remaining after the thermal shock is the fraction that stores most internal energy. Table 2 Parameters measured in the different soils under study: nitrogen and carbon contains, rate between carbon and nitrogen contains (C/N), heat released during the combustion per gramme of soil (Q), heat released per gramme of organic matter (Q'), ignition temperature (T ign ), temperatures of the maximum of the two overlapped SOM combustion peaks (T 1 and T 2 ), temperature at which the 50 % of the combustion heat is released (HT 50 ), ending combustion temperature (T end ), partial combustion heats (Q i ) and rate between partial combustion heats and total heat (%Q i ) Natural germination can be modified by the temperature reached during fire and the time during which seeds are subjected to high temperature (Reyes and Casal 1995) , as well as by inputs of ash (Pausas et al. 2003; Reyes and Casal 1998) . Germination of many Pinus species is partially inhibited at temperatures of 90-110°C, i.e. at fire intensities lower than that corresponding to the Monte Lúa fire (Reyes and Casal 1995; Escudero et al. 1999) . In the provenances under study here, germination tended to be reduced with temperatures increasing being completely inhibited in the most severe treatments (>150°C). The inland provenance is more resilient to fire than the littoral provenance because it supports higher temperatures and germinates in less time, agreeing with Mollashahi and Hosseini (2007) who also found that germination differed in three different provenances of P. radiata.
On the other hand, smoke did not have an important effect on the germination percentage or the GT 50 rate in the P. radiata provenances under study. Studies with 8 of the 11 most abundant pine species in Europe (Pinus halepensis, Pinus canariensis, Pinus pinea, P. radiata, Pinus sylvestris, Pinus nigra, Pinus uncinata, Pinus pinaster) showed similar response to heat and smoke Casal 1995, 2006; Escudero et al. 1999) . Low levels of fire agents have a neutral effect on the germination of pine trees, irrespective of Fig. 4 Average germination percentage and standard deviation (a) and average GT 50 and standard deviation (b) in littoral and inland provenances of P. radiata reached with each experimental fire treatments. In each provenance, the treatments that yielded significant differences are indicated by different letters exposure, intensity or concentration. When the action of the fire agents is intensified by a longer exposure time or by larger doses, it tends to inhibit germination, and the inhibition increases with the intensity of the agent (Reyes and Trabaud 2009) .
For the severity level compatible with SOM loss after fire, the germination results show that seeds do not survive such temperatures. Additionally, P. radiata is characterised by having serotinous cones (Keeley 1994; Reyes and Casal 2002b) , by the formation of a persistent aerial seed bank (Reyes and Casal 2002b) and by not having a permanent soil seed bank (Moles and Drake 1999) . The seeds are usually liberated of the bank several hours after the fire (Reyes and Casal 2002b) reaching the soil surface when the soil temperature does not inhibit seeds germination. Taking into account that the canopy temperature was much lower than soil temperature, the main part of the seed bank could not be liberated after the fire (Reyes and Casal 2002b; Vega et al. 2008 ) and this explicate the scarce seedling emergence. Three months after the fire, seedling emergence was 0.78 seedlings/m 2 , which is lower than reported values in other Pinus species (Calvo et al. 2008; Maia et al. 2012 ). Six months later (i.e. after the dry season), the seedling density had decreased by 56 %. Similar or even greater decreases in seedling density following the dry season have been observed in other species of Pinus (e.g. LuisCalabuig et al. 2002 reported a reduction of 71 % in P. pinaster). Seedling emergence was very irregular in the different sectors. Highest values were observed in both sectors closest to the summit and the lowest in the lower sectors on the hillside. At establishment, the planting framework was the same across the whole plantation; however, over the subsequent 17-year period, the density, height and DBH of individual specimens of P. radiata and the cover by the arboreal canopy have decreased with height. The greater penetration of light to the level of the soil and the low litter cover explain the greater success of seedling emergence (Marcos et al. 1994) in sectors I and the II (hill top) than in sectors III and IV (downhill). Moreover, the fire scarcely damaged the pines in sector IV, which preserved most of their needles.
Conclusions
The Monte Lúa fire provoked a SOM loss of around 15 %. The maximum temperature reached at the soil surface was estimated from the comparison between DSC curves of laboratory soil heating at different temperatures and the corresponding burnt soil obtained that is in the interval 150-200°C. Thus, taking into account that this temperature interval is lower than ignition temperature of unburnt soil (246°C), it can be assumed that Monte Lúa fire is a low severity fire.
Germination percentage in the inland provenance was higher than in the littoral provenance for all the fire treatments. Control germination percentage in both provenances was high, and fire treatments with lower intensity associated to the burnt soil do not modify it or do disable it. Nevertheless, germination was totally inhibited at 150-200°C treatments.
These results agree reasonably with the scarce post-fire seedling emergence observed in the burnt area, where no viable seeds in soil could persist after the fire and the canopy temperatures could not be high enough to liberate the total aerial seed bank, although some of them might be liberated or even might be transported by the wind from other populations. 
